Asthma is characterized by airway inflammation, hyperresponsiveness, and reversible airflow obstruction (1) . Despite current therapies, including ␤-adrenergic agonists, steroids, antihistamines, antileukotrienes, anticholinergics, and phosphodiesterase inhibitors, many patients suffer from repeated asthmatic attacks (2). Moreover, side effects limit use of the current therapeutics in patients with asthma (1) Abbreviations: ACh, acetylcholine; AHR, airway hyperreactivity; ASM, airway smooth muscle; BAL, bronchoalveolar lavage; BK channel, large conductance voltage-and calciumactivated potassium channel; [Ca 2ϩ ] i , intracellular calcium concentration; ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinase; FEV 1 , forced expiratory volume in 1 s; H&E, hematoxylin and eosin; HDM, house dust mite; IP 3 , inositol 1,4,5-trisphosphate; IP 3 R, inositol 1,4,5-trisphosphate receptor; JNK, c-Jun N-terminal kinase; MAP, mitogen activated protein; MCh, methacholine; OVA, ovalbumin; ROI, region of interest; RyR, ryanodine receptor; sHBSS, HEPES buffer-supplemented Hanks' balanced salt solution; SR, sarcoplasmic reticulum Ca 2ϩ release channels [ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate receptors (IP 3 Rs); refs. 3, 4] . SR and mitochondrial Ca 2ϩ release and reuptake result in Ca 2ϩ oscillations, the frequency of which correlates with the degree of airway contraction (4) . The smooth muscle membrane potential also modulates airway contractility by regulating the activity of M3 and M2 muscarinic receptors, independent of their endogenous ligands (3, 5) , and by altering the Ca 2ϩ sensitivity of the contractile proteins via activation of Rho kinase (6, 7) . Depolarization-evoked excitation of the M3 muscarinic receptor activates phospholipase C, which results in elevation of inositol 1,4,5 trisphosphate (IP 3 ), thereby activating IP 3 Rs on the ER/SR, causing intracellular Ca 2ϩ release and muscle contraction. Thus, depolarizing the ASM cell membrane potential affects airway contraction via multiple Ca 2ϩ -dependent processes, including Ca 2ϩ influx, Ca 2ϩ release from SR stores, and Ca 2ϩ sensitization of the contractile proteins. K ϩ channels expressed in ASM hyperpolarize the plasma membrane and inhibit voltage-dependent Ca 2ϩ influx through the plasma membrane, limiting the contraction of smooth muscle (8) . The activity of large conductance voltage-and Ca 2ϩ -activated K ϩ (BK) channels profoundly influences the plasma membrane potential. BK ␤1 regulatory subunits, which associate with the pore-forming ␣-subunit, shift the V 50 for channel activation negatively, priming the channel for activation by intracellular Ca 2ϩ (9, 10) . Without the BK ␤ 1 -regulatory subunit, BK channels do not appropriately sense RyR-mediated Ca 2ϩ sparks leading to diminished BK channel activity and membrane depolarization (11) . In an African-American asthmatic population, a BK ␤ 1 -subunit polymorphism (C818T; R140W) that reduces BK channel activity is associated with a significant decline in forced expiratory volume in 1 s (FEV 1 ; ref. 12). Mice lacking the BK ␤ 1 -subunit also exhibit increased tracheal constriction, and tracheal smooth muscle isolated from these mice have increased Ca 2ϩ influx after cholinergic stimulation and increased resting [Ca 2ϩ ] i compared with wild-type mice (11) .
Since asthma is marked by both airway hypercontractility and inflammation (13) and rottlerin is both anti-inflammatory and a potent BK channel agonist (13, 14) , we tested the effects of acute and long-term systemic administration of rottlerin on methacholine (MCh)-induced airway reactivity and pulmonary inflammation associated with the ovalbumin (OVA) and house dust mite (HDM) murine models of experimental aeroallergen asthma.
MATERIALS AND METHODS

Isolation of tracheal myocytes
The Animal Care and Use Committees of Columbia University College of Physicians and Surgeons and the Texas Tech University Health Sciences Center each approved all animal experiment protocols performed in their respective facilities. The tracheal tube was isolated by cutting below the pharynx and above the primary bronchus bifurcation. The dorsal muscle layer was cut away from the hyaline cartilage rings and minced into ϳ1-mm pieces in a lowCa 2ϩ HEPES-buffered solution (in mM: 140 NaCl, 4.7 KCl, 1.13 MgCl 2 , 10 HEPES, 10 glucose, 0.1 CaCl 2 , and 1 mg/ml BSA, pH 7.4). The tissues were digested with 0.5 mg/ml papain (Roche, Indianapolis, IN, USA) and 1 mg/ml dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) for 13 min at 37°C. The tissue was then washed and further digested with 1 mg/ml collagenase H and 1 mg/ml collagenase II (Sigma-Aldrich) for 25 min at 37°C. The tissue was washed 3 times in low-Ca 2ϩ solution and gently triturated to disperse single tracheal myocytes.
Cultured human ASM cells
Primary human ASM cell lines were obtained from Drs. Elizabeth Townsend and Charles Emala (Columbia University; ref. 15). A primary cell line of human ASM cells isolated from patients with asthma was obtained from Lonza (Walkersville, MD, USA). Cells were grown to ϳ80% confluence in Gibco phenol red-free DMEM/F-12 medium (Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal bovine serum and antibiotics. Cells were then passaged into 6-well culture plates with poly-l-lysine precoated coverslips (BD BioCoat precoated glass coverslips, 12 mm round; BD Biosciences, San Jose, CA, USA) for whole-cell current and membrane potential recordings.
Whole-cell current and membrane potential recording
Standard whole-cell, ruptured patch-clamp technique was used to measure BK channel currents, as described previously (13) . Free Ca 2ϩ was 1 M, calculated using the online program WebmaxC Standard (http://www.stanford.edu/ cpatton/webmaxcs.htm). For membrane potential measurements, a whole-cell perforated patch-clamp configuration was used. The following solutions were used: extracellular solution (in mM): 134 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH 7.4); and intracellular solution (in mM): 75 KCl, 64 K-aspartate, 2 Mg-ATP, 8 NaCl, 1 EGTA, 0.85 CaCl 2 , and 10 HEPES (pH 7.2). Data were acquired at room temperature using an Axopatch 200B amplifier (Axon Instruments, Sunnyvale, CA, USA) at 5 kHz using a Digidata 1322A and pClamp 9 software (Axon Instruments). The liquid junction potential (Ϫ9 mV) was corrected. Pipette resistance was 2-5 M⍀ when filled with the pipette solution. The series resistance was not compensated, since the series resistance (Ͻ15 M⍀) was much smaller than the cell input resistance (ϳ1.0 G⍀). Cell capacitance was 25.2 Ϯ 4.0 pF (nϭ7). Only cells with a seal resistance Ͼ2 G⍀ were recorded and analyzed.
OVA-asthma model
Groups of 8-wk-old C57BL/6 female mice were sensitized with intraperitoneal injections of 100 g grade V chicken OVA (Sigma-Aldrich), mixed with 2 mg aluminum hydroxide in saline on d 0 and again on d 7. Control mice were injected with sterile endotoxin-free PBS. On alternate days from d 14 through 22, mice received a 20 min aerosol challenge of either 2% (w/v) OVA in PBS or endotoxinfree PBS using a lumiscope 6610 ultrasonic nebulizer (Lumiscope, East Rutherford, NJ, USA). Rottlerin (Tocris Biosciences, Bristol, UK), suspended in DMSO at a stock concentration of 10 mM, was diluted with PBS to a final concentration of 0.5 g/l and injected at a dose of 5 g/g (100 g/mouse). PBS mixed with DMSO was administered to control mice. Invasive airway measurements including airway resistance were obtained during a graded MCh (acetyl-␤-methylcholine chloride; Sigma-Aldrich) challenge performed on d 23. In the group receiving a single dose of intravenous rottlerin, rottlerin or vehicle was injected via the tail vein 5 min before airway measurements.
HDM asthma model
Groups of female C57BL/6 mice were exposed to 40 g of purified HDM extract whole protein (Greer Laboratories, Lenoir, NC, USA) without exogenous adjuvant in 25 l of saline intranasally 5 d/wk for 3 consecutive weeks (16) . Isoflurane 2-5% inhalation was utilized for anesthesia before intranasal HDM administration. Rottlerin 5 g/g (100 g/ mouse) and placebo were administered 3ϫ/wk via intraperitoneal injection.
Measurement of airway responsiveness in vivo
After sedation with ketamine (100 mg/kg i.p.) and xylazine (5 mg/kg i.p.), the neck was dissected, and the trachea was cannulated with an 18-gauge beveled tracheal tube. The mouse was then placed on a mouse ventilator with a tidal volume of 0.2 ml and frequency of 150 breaths/min. After 3-5 min of equilibration on the ventilator, a graded MCh challenge was initiated, and airway resistance was measured invasively using the Buxco Resistance/Compliance system with restrained whole-body plethysmography (rWBP; Buxco PLY4111, Wilmington, NC, USA; ref. 17) . Changes in airway resistance were calculated from peak values after each dose of MCh and compared with baseline values. The measurements of airway resistance for the chronic and acute rottlerin experiments were acquired using different Buxco system manifolds.
Quantification of rottlerin concentration in plasma and lung tissue
Mice were injected with rottlerin (5 g/g; 100 g/mouse) every other day for a total of 4 doses. After euthanasia by isoflurane and CO 2 inhalation, the thorax was opened. Whole blood was obtained by ventricular puncture, and serum was separated after centrifugation at 2000 g for 10 min. The lungs were dissected and flash-frozen in liquid nitrogen. Mouse plasma and lung tissue were kept at Ϫ80°C before analysis. Rottlerin was quantified using 100 l of plasma or ϳ150 mg of lung tissue. The tissue was homogenized in 500 l of water using a Tissue-Tearor (Biospec Products, Inc., Bartlesville, OK, USA). Proteins from plasma and lung homogenates were precipitated with acetonitrile/methanol (4:1). After being vortexed for 60 s, the samples were centrifuged (14,000 g for 10 min). The supernatant was evaporated with nitrogen and resolubilized with 100 l of 70% methanol and 0.1% formic acid. Each sample (20 l) was injected onto a Atlantis dC18 3 m 2.1 ϫ 50 mm column (40°C; Waters, Milford, MA, USA) using an Acquity 2795 HPLC (Waters) with the initial conditions 70% of 0.1% formic acid in methanol (0.5 ml/min) and ramped linearly to 98% methanol with 0.1% formic acid over 5 min. The column was cleaned with 100% methanol with 0.1% formic acid for 5 min and then reequilibrated to the initial conditions for 2 min (total run time: 12 min).
Rottlerin was detected with a MicroMass Quattro Micro tandem mass spectrometer (Waters) with positive electrospray ionization. The drugs were quantified using multiple reaction monitoring of the H ϩ ion with the transition 517.2 to 335.1 (collision energy: 15 V; cone: 20 V). Spiked plasma was used to create a standard curve, which was linear from 1 to 1000 ng/ml with a limit of quantification (LOQ) and limit of detection (LOD) of 1.0 and 0.5 ng/ml, respectively. Quantification of rottlerin in both plasma and lung tissue was calculated relative to the spiked plasma standard curve. The MS conditions were as follows: desolvation temperature, 300°C; source temperature, 120°C; desolvation gas flow, 500 L/h; cone gas flow, 50 L/h; capillary, 4.0 kV. Rottlerin was detectable in the plasma at all time points (rottlerin plasma concentration of 2.9 g/ml 2 h after 4th dose, 4.45 ng/ml 24 h after 4th dose, and 0.77 ng/ml trough before 4th dose) and not detected in the lung at the 48 h trough measurement (153.3 ng/g tissue 2 h after 4th dose, 3.85 ng/g tissue 24 h after 4th dose, and undetectable trough level before the 4th dose), leading to the choice of a 48-h dosing interval.
OVA-specific IgE ELISA
After measurement of airway resistance, mice were euthanized, and their serum was collected and stored at Ϫ80°C until analysis. Serum levels of OVA-specific IgE were measured by sandwich ELISA (R&D Systems, Minneapolis, MN, USA).
HDM-specific IgG1 ELISA
HDM-specific IgG1 ELISA was performed on plasma samples as per the methods outlined by Johnson et al. (16) with two small modifications. Maxi-Sorp plates (Sigma-Aldrich) were coated overnight with 1 g HDM in carbonatebicarbonate buffer. Plates were washed and incubated with the ABC Vectastain kit (Vector Laboratories, Burlingame, CA, USA).
Differential cell counts in the bronchoalveolar lavage (BAL) fluid
BAL was performed by injection of 1 ml saline through a tracheal cannula into the lung. Cells in the BAL fluid were centrifuged and resuspended in cold PBS. For differential cell counts, cytospin preparations were made and stained with the DIFF stain kit (IMEB, Inc., San Marcos, CA, USA). Following coverslip placement, 200 cells were counted and differentiated by standard morphology and staining characteristics.
Cytokine ELISA
IL-4, IL-5, and IL-13 ELISAs (R&D Systems) were performed according to the manufacturer's instructions. The detection limits of the ELISAs were 60 pg/ml for IL-4, 32 pg/ml for IL-5, and 15 pg/ml IL-13.
Protein extraction and immunoblotting
Dissected lungs from mice were flash-frozen in liquid nitrogen for later analysis. Sections of lung were homogenized in 600 l of RIPA lysis buffer system with PMSF, protease inhibitor cocktail, and sodium orthovanadate (Santa Cruz Biotechnology, Dallas, TX, USA). Following homogenization, the lung lysates were centrifuged (14,000 g for 10 min) and protein concentration was determined by bicinchoninic acid protein assay (Pierce BCA Protein Assay Kit; Thermo Scientific, Rockford, IL, USA). Lung lysates (40 g) from each group were subjected to Western blot analysis. Cell Signaling Technology (Danvers, MA, USA) rabbit polyclonal antibodies against phospho-extracellular signal-regulated kinase (ERK; T202/Y204, 1:500), total ERK (9102, 1:2500), phospho-c-Jun N-terminal kinase (JNK; T183/Y185, 1:1000), and total JNK (9252, 1:1000) were used following the manufacturer's instructions. Chemiluminescence from Western blots was visualized using the ImageQuant LAS 4000 Series imager (GE Healthcare Life Sciences, Pittsburgh, PA, USA), and densitometry was performed using Carestream Molecular Imaging Software (Carestream Health, Rochester, NY, USA).
Histology
The lung samples were fixed with formalin, embedded in paraffin wax, and sliced into 4-m-thick sections. After deparaffinization, sections were stained with hematoxylin and eosin (H&E; Sigma-Aldrich) and photographed using a light microscope.
Preparation of lung slices
Murine lung slices were prepared and imaged as previously reported (4, 18, 19) with modifications. Female C57BL/6 mice, 8 -12 wk old, were euthanized with an intraperitoneal injection of sodium pentobarbital (40 mg/kg). The chest cavity was opened, and the trachea was exposed and cannulated with an intravenous catheter (20-gauge Intima; BD Biosciences). The lungs were inflated with 1.4 Ϯ 0.1 ml of 2% agarose (low-melting temperature agarose; USB Corp., Santa Clara, CA, USA) in sterile HBSS followed by 0.2 ml of air to flush the agarose out of the airways and into the distal alveolar space. The agarose was gelled by cooling the animal at 4°C for 20 min. Lung lobes were separated and trimmed near to the main bronchus to create a base. Each lobe was transferred to the specimen syringe tube of a tissue slicer (Compresstome VF-300; Precisionary Instruments, Greenville, NC, USA), embedded in agarose, and prepared for sectioning as per manufacturer's instructions. Sections (140 m) were prepared starting at the peripheral edge of each lung lobe, and 15-20 sections containing small terminal airways with a diameter of 100 -300 m were collected in sterile HBSS. The sections were incubated overnight in low-glucose DMEM (Invitrogen) supplemented with antibiotics at 37°C and 10% CO 2 . All lung sections were used within 48 h.
Measurement of the airway contractile responses
Hanks' balanced salt solution was supplemented with 20 mM HEPES buffer and adjusted to pH 7.4 (sHBSS). Stock solutions were diluted in sHBSS at the final concentration on the same day of use, and the concentration of vehicle (DMSO) never exceeded 0.1%. Lung slices were mounted on a cover glass of a custom-made perfusion chamber, held in place with a small sheet of nylon mesh, and perfused with the experimental solutions as described previously (4, 18) . All experiments were performed at room temperature. The chamber was placed on the stage of an inverted phase-contrast microscope (Diaphot TMD; Nikon, Tokyo, Japan), and lung slices were imaged with a ϫ10 objective. Digital images were recorded to a hard drive in time lapse (0.5 Hz) using a CCD camera (KP-M1A; Hitachi, Tokyo, Japan), frame grabber (Picolo; Euresys, San Juan Capistrano, CA, USA), and image acquisition software (Video Savant; IO Industries,
Measurements of intracellular Ca
2؉
Approximately 10 -12 lung slices were incubated for 50 min at 30°C in 2 ml of sHBSS supplemented with 20 M Oregon Green 488 BAPTA-1, acetoxymethyl ester (Invitrogen) that has been dissolved in 20 l of dry DMSO plus 5 l of 20% Pluronic F-127 in DMSO. Subsequently, the slices were transferred to 2 ml sHBSS and incubated for 50 min at 30°C to allow deesterification of the acetoxymethyl ester group. Lung slices were mounted on a cover glass of a custom-made perfusion chamber and perfused with the experimental solutions as described previously (4, 18) 
Fluorescence values were expressed as a fluorescence ratio (F/F 0 ) normalized to the initial fluorescence (F 0 ).
Statistical analysis
All statistical analyses were performed using Prism 5.0d software (GraphPad, San Diego, CA, USA). Comparisons between 2 groups were made using a Student's t test, with values of P Ͻ 0.05 considered statistically significant. Comparisons between Ն3 groups were made using an ANOVA with Sidak's post hoc analysis for relevant comparisons, with values of P Ͻ 0.05 considered statistically significant.
RESULTS
Rottlerin activates BK channels and hyperpolarizes the plasma membrane in murine ASM
We examined whether the endogenous BK channels in freshly isolated tracheal smooth muscle cells from C57BL/6 mice could be activated by rottlerin.
Step depolarizations were applied from a holding potential of Ϫ80 mV in whole-cell patch-clamp configuration with an intracellular recording solution containing 1 M free Ca 2ϩ . Rottlerin (1 M) significantly shifted the V 50 for BK channel activation by 73 Ϯ 24 mV in the hyperpolarizing direction (nϭ3, PϽ0.05; Fig. 1A) , consistent with our prior observations in vascular smooth muscle cells (13) .
The balance between depolarizing and repolarizing currents determines the plasma membrane potential of ASM cells. We hypothesized that the activation of BK channels by rottlerin was sufficient to induce hyperpolarization of the plasma membrane of the freshly isolated tracheal smooth muscle. The membrane potential was measured using the amphotericin-perforated current-clamp configuration. Rottlerin hyperpolarized the plasma membrane potential by 40 Ϯ 8 mV, which was reversed by inhibiting BK channels with paxilline (nϭ7, PϽ0.001; Fig. 1B ). Taken together, these results suggest that rottlerin-induced activation of BK channels is sufficient to potently hyperpolarize the membrane potential of ASM cells.
Acute administration of rottlerin reduces MChinduced airway hyperreactivity (AHR) in a murine OVA-asthma model
Based on the effects of rottlerin on ASM plasma membrane potential and the prior demonstration that the membrane potential can affect ASM contractility (3), we hypothesized that rottlerin could reverse the AHR of asthma. Mice received an intraperitoneal injection of OVA mixed with aluminum hydroxide or PBS (control) on d 0 and 7 and on alternate days from d 14 through 22, and 20 min aerosol challenge of either PBS (control) or OVA was administered using an ultrasonic nebulizer ( Fig. 2A and refs. 20 -22) . We measured the airway resistance (R L ) in control and OVA-sensitized mice in response to MCh on d 23 and recorded changes in airway resistance from peak values after each MCh dose using a Buxco forced-maneuvers pulmonary function testing system and restrained wholebody plethysmography via tracheal cannulation. Rottlerin (5 g/g) was injected via the tail vein 5 min before airway resistance measurements ( Fig. 2A) . Mice sensitized and challenged with OVA receiving a single injection of rottlerin demonstrated a 45% reduction in MCh-induced airway resistance (at 50 mg/ml) compared with a control group of OVA-sensitized mice that received a single injection of PBS (nϭ10/group, PϽ0.001; Fig. 2B ). The rapid attenuation of MChinduced AHR in the OVA-asthma model by rottlerin suggests that this effect is independent of anti-inflammatory properties of rottlerin (14, 23) .
Long-term administration of rottlerin reduces airway resistance and inflammation in an OVA-asthma model
Mice were administered rottlerin (5 g/g) via intraperitoneal injection every other day from d 14 through 22 during the OVA-challenge (Fig. 3A) . At 24 h after the last rottlerin injection, airway measurements were obtained. The rottlerin-treated OVA asthma mice exhibited a 49% decrease in MCh-induced airway resistance (at 50 mg/ml) compared with PBS-treated OVA asthma animals (nϭ20/group, PϽ0.001; Fig. 3B ). Similar effects were observed at lower concentrations of MCh (Fig. 3B) . Despite the near normalization of airway resistance by rottlerin the OVA-sensitized mice treated with rottlerin had a significant increase in OVA-specific IgE levels (serum OVA specific IgE levels, meansϮse; nonsensitized, PBS treated: 396.1Ϯ18.2, nonsensitized, rottlerin treated: 367.2Ϯ16.3, OVA sen- sitized, PBS treated: 892.6Ϯ24.9, OVA sensitized, rottlerin treated: 769.2Ϯ46.6 ng/ml).
OVA sensitization and challenge induced a marked peribronchial and perivascular infiltration of inflammatory cells in C57BL/6 mice (Fig. 4A) as shown previously (20, 21, 24) . Rottlerin-treated OVA-asthma mice exhibited less pulmonary inflammatory cell infiltration compared with PBS-treated OVA-asthma mice. Lungs from the nonsensitized/challenged mice and from the asthmatic mice were lavaged with PBS and total, and differential cell counts were determined in the BAL fluid. The total number of inflammatory cells increased in the lungs following OVA sensitization and challenge (Fig. 4B) . Rottlerin significantly reduced the total number of inflammatory cells in OVA-sensitized mice (PϽ0.001 for OVAϩPBS vs. OVA ϩ rottlerin) and did not affect the number of inflammatory cells in the lungs of nonsensitized control mice (Fig. 4B) . Asthma is characterized by abnormal Th2 immune responses to antigens resulting in the production of cytokines, including IL-4, IL-5, and IL-13, followed by recruitment and activation of eosinophils and mast cells in the airway (25, 26) . Rottlerin treatment significantly reduced the Th2 cytokines IL-4, IL-5, and IL-13 in BAL fluid of OVA-asthma mice compared with PBS-treated OVA-asthma mice (PϽ0.001 for IL-4 and IL-13, PϽ0.01 for IL-5; Fig. 4C ).
Long-term administration of rottlerin attenuates AHR in a HDM model of asthma
HDM is a common allergen that is responsible for the development of asthma in ϳ10% of the population (16) . Exposure to HDM extract in mice causes persistent airway inflammation, airway hyperresponsiveness, and airway remodeling making this an important model for the study of asthma (16, 27) . C57BL/6 mice were exposed to either purified HDM extract (40 g of whole protein in 25 l of saline) or PBS intranasally for 5 d/wk for 3 wk ( Fig. 5A; nϭ9 -12 mice/group). Rottlerin was administered via intraperitoneal injection 3ϫ/wk for the 3-wk period. Rottlerintreated, HDM-sensitized mice exhibited a 53% decrease in MCh induced airway resistance (at 50 mg/ml) compared with PBS-treated HDM asthma animals (PϽ0.001; Fig. 5B ). Airway measurements were obtained 24 h after the last dose of rottlerin. Similar to the OVA-sensitized rottlerin-treated animals, we observed a marked reduction in BAL cell count, as well as peribronchial and perivascular inflammation in the rottlerin-treated HDM-sensitized animals as compared with PBS-treated HDM-sensitized animals (Fig. 5C, D) .
Despite the significant reduction in airway resistance and inflammation by rottlerin, the HDM-sensitized mice treated with rottlerin had a significant increase in serum HDM specific IgG1 levels (optical density at 450 nm, meansϮse; nonsensitized, PBS-treated: 9.5Ϯ9.7, nonsensitized, rottlerin-treated: 6.4Ϯ7.5, HDM-sensitized, PBS-treated: 1024.6Ϯ118.7, HDM-sensitized, rottlerin-treated: 1117.9Ϯ132.4, PϽ0.001 as compared with nonsensitized mice, PϾ0.05 HDM-sensitized, PBStreated as compared with HDM-sensitized, rottlerintreated mice).
Activation of the mitogen-activated protein (MAP) kinase ERK is a critical event in asthma pathogenesis and is associated with airway hyperresponsiveness, inflammation, and ASM cell proliferation (28, 29) . The MAP kinase JNK is implicated in T cell and eosinophilic inflammatory responses but not airway hyperrespon- siveness (30) . ERK and JNK phosphorylation lead to the activation of kinase activity. ERK phosphorylation was increased by 129% (PϽ0.05) in whole-lung homogenates from HDM-sensitized asthmatic mice compared with controls, whereas JNK phosphorylation was not changed. Chronic rottlerin administration caused a 56% reduction in ERK phosphorylation, but not JNK phosphorylation, in whole-lung homogenates from HDM-sensitized mice (Fig. 5E, F) .
Rottlerin inhibits acetylcholine (ACh)-induced smooth muscle cell contraction and Ca
2؉ oscillations in the small airways of lung slices Lung slices were stimulated with the agonist ACh, which rapidly contracted the pulmonary small airways. The addition of rottlerin induced airway relaxation in a concentration-dependent fashion to the prestimulated level ( Fig. 6 and Supplemental Video S1). Thus, rottlerin causes direct smooth muscle relaxation in small airways. Next, the effect of rottlerin on ACh-induced Ca 2ϩ oscillations in ASM cells using confocal microscopy (Fig. 7A) was examined. In response to ACh, ASM cells displayed an increase in Ca 2ϩ oscillations, as described previously (4) . In the continued presence of ACh, the subsequent addition of rottlerin caused a progressive decrease in the frequency of the Ca 2ϩ oscillations compared with vehicle-treated lung slices (Fig. 7B, C and Supplemental Video S2); the reduced frequency of Ca 2ϩ oscillations correlated with the relaxation of the airway. These results confirm that rottlerin causes ASM relaxation in part by inhibiting agonist-induced Ca 2ϩ oscillations.
Rottlerin activates BK channels and hyperpolarizes the membrane potential in human control and asthmatic ASM cells
To determine whether rottlerin can be effective in humans, BK currents were recorded from ASM cells isolated from patients without (normal) and with asthma ( Fig. 8) . Similar to our findings in murine cells rottlerin (0.5 M) significantly shifted the V 50 for BK channel activation by 73.6 Ϯ 13.5 mV in control cells (nϭ5, PϽ0.01, Fig. 8A ) and 71.8 Ϯ 14.6 mV in asthmatic cells (nϭ5, PϽ0.01, Fig. 8B ). Therefore, rottlerin was effective in activating BK channels in asthmatic human ASM cells.
DISCUSSION
The present study identifies rottlerin as a potential therapeutic that targets both airway hypercontractility and pulmonary inflammation. Utilizing the OVA and HDM models of aeroallergen asthma, we show that rottlerin attenuates MCh-induced AHR and inflammatory cell infiltration of the lung. Rottlerin did not inhibit the sensitization to OVA or HDM. Th2 cytokines and ERK activation phosphorylation were decreased in the rottlerin-treated asthmatic mice, likely explaining the reduced inflammatory cell infiltration in the lungs. The marked reduction in airway resistance immediately after a single intravenous injection of rottlerin and the inhibition of ACh-induced airway contraction by rottlerin in ex vivo lung slices suggest that the effect of rottlerin on airway contractility is in part direct and not solely dependent on immunomodulation. The profound reduction in airway reactivity by rottlerin in the chronically treated asthmatic animals is therefore likely due to a combined effect on inflammation and airway contractility. 
Rottlerin hyperpolarizes ASM membrane potential and directly inhibits airway contractility
ASM contraction is mediated primarily by activation of M2 and M3 muscarinic cholinergic receptors. MCh inhibits BK channel activity by both a G␤␥-mediated mechanism and activation of the phospholipase C/PKC pathway (31) . Conversely, inhibition of BK channels enhances cholinergic-induced airway contraction (11, 32) . Since BK channels oppose cholinergic M2 receptor-mediated depolarization and activation of voltagedependent Ca 2ϩ channels in tracheal smooth muscle cells (33) , rottlerin may augment the BK channelmediated inhibition of M2 signaling reducing airway contraction. induced Ca 2ϩ release (3). Rottlerin-mediated hyperpolarization also may inhibit the voltage-dependent activation of Rho kinase (6, 7) .
ASM cell contraction and small airway bronchoconstriction are regulated by Ca 2ϩ oscillation frequency, which consists of cyclic SR Ca 2ϩ release and reuptake (4) . The onset of the inhibition of rottlerin of agonistinduced airway contraction is slower in the ex vivo lung slice assay than after intravenous injection through a tail vein in asthmatic mice for unclear reasons. However, the ex vivo experiments were performed at room temperature as compared with body temperature and the hydrophobicity of rottlerin likely impedes its transport into the lung slice preparation.
The effects of rottlerin on airway contractility could also be due to inhibition of kinases including PKC (36 -38) or uncoupling of mitochondrial respiration from oxidative phosphorylation (39) . The rottlerinmediated activation of BK channels and the resultant hyperpolarization of the ASM membrane potential, however, are not dependent on modulation of cellular signaling pathways.
Rottlerin reduces inflammatory cell infiltration in asthma
Long-term administration of rottlerin during the period of OVA and HDM challenge reduced peribronchial and perivascular inflammatory cell infiltration as well as the Th2-specific cytokine production characteristic of these models. Rottlerin inhibits histamine release (23) , reduces asthmatic eosinophil migration (40) , and decreases monocyte chemotactic factor-1 (MCP-1) release (41) . In vitro, phorbol myristate acetate (PMA)-induced phosphorylation of ERK-1 and ERK-2 in T cells from peripheral blood is blocked by rottlerin (42) . Rottlerin also decreases the HDM-mediated activation of ERK in human monocytic THP-1 cells (43) .
ERK phosphorylation, which is observed in the airway epithelium and smooth muscle cells of patients with asthma (44), correlates with disease severity. ERK phosphorylation is associated with ASM hyperresponsiveness and proliferation (28, 29, 45) , leukotriene C4 synthesis (46, 47) , IL-13-and IL-4-mediated eotaxin release from ASM cells (48) , eotaxin-stimulated eosinophil degranulation (49) , and granulocyte-macrophage colony-stimulating factor (GM-CSF) release (50) . Pharmacological inhibition of MEK1/2, the upstream activator of ERK1/2, blocked airway inflammation in a mouse model of acute asthma (51) . In addition, the ERK inhibitor U0126 has been examined in the ovalbumin model of asthma and similar to rottlerin, intraperitoneal administration decreased Th2 cytokines, total BAL cell count, airway hyperresponsiveness, and ERK phosphorylation in lung homogenates (51) . ERK1-deficient mice also fail to develop experimental asthma (52) . We showed that rottlerin inhibited HDM induced ERK phosphorylation in vivo, which correlated with a reduction in airway responsiveness and lung inflammation. In the HDM model, JNK phosphorylation was not increased consistent with variable activation in asthma (53, 54) . Taken together, rottlerin reduces Th2 cytokines in the asthmatic lungs likely via the inhibition of ERK phosphorylation and activity.
Rottlerin is a natural compound isolated from the powder (kamala) covering the capsules of Mallotus phillippinensis (the monkey-faced tree). Kamala has been used for centuries in India as an anthelmintic agent against tapeworm (55), suggesting excellent safety when administered in this form. In an animal model of Parkinson's disease, a dose 4 times higher than the one used in this study was administered orally or via intraperitoneal injection to C57/BL mice without side effects (56) .
Current acute therapies for asthma include ␤-adrenergic agonists, which enhance cardiac chronotropy, thereby limiting their use in patients with cardiovascular comorbidities. Since BK channels do not play a role in modulating the electrophysiological properties of the heart, direct activation of BK channels by rottlerin, which hyperpolarizes the ASM plasma membrane potential and inhibits Ca 2ϩ oscillations, may be an alternative to ␤-adrenergic agonists in mediating acute airway relaxation. Rottlerin was well tolerated in our animal studies and effectively limited airway constriction and pulmonary inflammation in both the OVA and HDM models of asthma. Rottlerin targets airway contraction through BK channel activation and suppresses experimental asthmatic airway inflammation by inhibiting ERK phosphorylation and production of Th2 cytokines. Our results suggest that rottlerin, a compound with both bronchodilatory and anti-inflammatory properties, warrants further investigation as a potential therapeutic agent in asthma.
